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Previously, the highest molecular weight for a sample yielding a unit resolution mass 
spectrum was 67 kDa (marginal at 86 kDa1, obtained with a 6.2 T Fourier-transform mass 
spectrometer with electrospray ionization. Now with a 9.4 T instrument, resolving power of 
170,000 has been achieved for chondroitinase I (997 amino acids) and II (990 amino acids), 
making possible molecular weight assignments of 112,509 and 111,714, respectively, versus 
112,508 and 111,713 calculated. Assisting these assignments was the noise reduction in the 
resolved isotopic peaks achieved by the time domain data sampling technique introduced by 
Senko, Marshall, and co-workers. (J Am Sot Mass Spectrom 1997, 8, 380-383) 0 1997 
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T he unusual capabilities of electrospray ionization (ESI) [l] combined with Fourier-transform mass spectrometry (FTMS) [2, 31 have been especially 
advantageous for the characterization of large mol- 
ecules such as proteins [4-81, nucleotides [9, lo], and 
polymers [ll]. Of its attributes, the unique FTMS re- 
solving power of - lo5 is especially important in 
distinguishing molecular ions from their adduct (e.g., 
+Na, +22 Da> or fragment (e.g., -H,O, -18 Da) ions, 
as each of such ions will produce a cluster of isotopic 
peaks that are separated by 1 Da [6]. With increasing 
mass, the number of isotopic peaks in a cluster in- 
creases, increasing the molecular ion overlap with 
adduct and H,O loss peaks, and increasing the possi- 
bility of error in relative molecular weight (M,) mea- 
surement. However, with unit resolution, the isotopic 
peak abundances can be compared to those predicted 
[12], making it possible to distinguish molecular ion 
isotopic peaks from those of adduct and/or fragment 
ions. 
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Reduction of the ion density (space charge) in the 
FTMS cell was credited for the 160,000 resolving power 
(RI’) achieved for porcine albumin, 67 kDa, with a 6.2 
T magnet [13]. Recently, Mitchell and Smith 1141 have 
quantified the proposal [2, 31 of space charge as a key 
determinant in the upper molecular mass limit, Mm,,, 
for unit resolution, proposing M,, - lo4 B (in units 
of Da and Tesla) as an “order of magnitude” estimate 
[14]. This magnetic field effect is also consistent with 
the observation (6.2 T) of marginal unit resolution for 
the dimer of creatine kinase, 86 kDa [8]. 
The recent construction of a 9.4 T FTMS instrument 
115, 161 provided an opportunity to extend M,,. The 
compounds studied here are the 112 kDa chondroi- 
tinase enzymes I, C,,,,H,,,N,,,,O,,,,S,,, and II, 
C4991H7748N136201507S~4~ that digest a polysaccharide 
part of a proteoglycan of the eye that binds the vitre- 
ous humor to the retina. The M, values of these 
enzymes calculated from their cDNA derived se- 
quences (Table 1) differed from the measured M, val- 
ues obtained with ES1 with a quadrupole instrument 
and with MALDI with a time-of-flight instrument by 
- 40 and - 185 Da, respectively [17]. This study also 
tests the utility of the time domain data sampling 
technique recently developed for FTMS by Senko et al. 
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Table 1. M, values of Chondroitinase measured by 
different techniques 
Chondroitinase I Chondroitinase II 
Error Error 
Method M, value (Da) M, value (Da) 
DNA 112.508-69 - 111.713-68 - 
SDS-PAGE 110000 -2500 112000 +300 
IR-MALDI/MS 112324 -183 111525 -188 
ESI/Quad-MS 112553 +45 111750 f37 
ESI/FTMS 112,509-69 $1 111.714-68 +l 
that improved the FT mass spectrum of albumin (67 
kDa) [181. 
Experimental 
An - 10 PM solution (90:8:2 H,O/MeOH/HOAc) of 
chondroitinase, purified as previously described [ 191, 
was desalted by ultrafiltration, filtered (0.45 pm), and 
loaded into a borosilicate glass capillary (1.5 mm i.d.) 
pulled to a 2-4 pm i.d. tip [20]. A platinum wire 
inserted through the distal end of the capillary made 
contact with the solution. The potential on the wire 
(0.8-1.5 kV) provided the ES1 voltage and determined 
the flow rate (- 25-50 nL/min). The mass spectrome- 
ter is a custom 9.4 T FTMS constructed at the National 
High Magnetic Field Laboratory and is described else- 
where [ 15, 161. After ESI, the ions were guided through 
a heated metal capillary (- 170 “C) and skimmer into 
an rf only octapole for external accumulation ( - 2 s) 
between electrostatic trapping electrodes. Accumu- 
lated ions were transported into the magnet bore (- 2 
x 10e9 Torr) via a second rf only octapole by dc 
voltages and captured in the ICR cell by gated trap- 
ping. For broadband data, spectra were acquired every 
2-3 s with no intervening pulsed gas ion cooling. For 
the highest resolving power, desired ions were isolated 
from these captured ions by stored waveform inverse 
Fourier transform (SWIFT) [21], collisionally cooled by 
a - 2 x low6 Torr N, pulse, and detected in hetero- 
dyne mode. Spectra were mass calibrated externally 
using ubiquitin (M, = 8564.63-5); the italicized final 
number denotes mass difference (Da) between the most 
abundant isotopic peak and the monoisotopic peak. 
Transients were stored with an Odyssey Data Station 
(Finnigan, Madison, WI) as 16, 32, or 64 K data sets 
(bandwidth - 4 kHz for unit resolution data). Time 
domain data were sampled by setting the noise be- 
tween beats to zero using PV-Wave Command Lan- 
guage Version 4.01 before Fourier transformation [18]. 
Theoretical distributions for molecular, water loss, and 
Na adduct ions were calculated by Isopro ~2.0 for 
formulas generated using the hypothetical amino acid 
averagine (C,,,,,,H N 0 S 7.7583 1.3577 1.4773 0.0417 ) [12b]; abun- 
dances below 14% were approximated by extrapola- 
tion. The sum of these three distributions were fit by 
least squares to the experimental distributions, varying 
only the relative abundances of the -18 Da and +22 
Da components for each potential M, assignment. 
Results and Discussion 
The broadband data of Chondroitinase II (Figure la) 
represent 50 scans with no pressure pulse for ion 
cooling before a scan. Efficient desolvation of these 
large ions is attributed to the small droplet size emit- 
ted from the 2-4 pm i.d. ES1 tip [20] and the numerous 
collisions during external ion accumulation in the rf 
only octapole ( -lo-’ Torr) [16]. The charge states 
were assigned correctly by deconvolution [22] of the 
68+ to 133+ peaks, consistent with a minimum of 
other impurity peaks. The resolving power was not 
sufficient to separate Na adduct and H,O loss peaks, 
but the centroid of the deconvoluted peak envelope of 
overlapping peaks yields M, = 111,717, a mass error 
of +4 Da versus the DNA-derived value. Also visible 
is a small abundance of the noncovalently bound 
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Figure 1. ESI/FTMS spectra of chondroitinase II. (a) Broad- 
band, with external ion accumulation and data acquisition re- 
peated 50 times. The small peaks between the large peaks corre 
spond to dimer ions. (b) SWIFT isolation of m/z 1230-1255, data 
acquisition with heterodyne detection, repeated 10 times (RI’ > 
170,000) [24]; dots, theoretical distribution of isotopic abundances 
[12b] for molecular, +22, and -18 Da ions. (c) Data from (b) with 
time domain data samplmg prior to Fourier-transformation. 
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dimer, 223 kDa. Chondroitinase I gave a similar broad- 
band spectrum (not shown), although no dimer ions 
were observed. 
Unif Resolution 
RF’ > 170,000 [23] was achieved by lowering the ion 
space charge using SWIFT isolation of the 90+ ions 
(Figure lb) or 89-91+ ions (Figure 2a) and heterodyne 
detection. The isotopic peak spacings provide [12a] 
charge state values of 90 + 0.4 (Figures lb and 2c, ten 
determinations, data not shown) and 91 f 0.4 (Figure 
2b); the spectra from sampled time domain data (Fig- 
ures lc and chondroitinase I data, not shown) gave 
standard deviations of 50.3. The isotopic peak abun- 
dances expected for the hypothetical protein “poly- 
averagine” [ 12b] were calculated (dots) and compared 
against the experimental abundances without time do- 
main data sampling for molecular, water loss, and Na 
adduct ions to indicate the most abundant isotopic 
peaks (arrows) and their relative abundances. These 
assignments yield M, values of 112,511-69 and 
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Figure 2. (a) Heterodyne data for SWIFT isolated m/z 
1226-1273 ions of chondroitinase I, 10 scans; the peaks at m/z 
1240 and 1254 correspond to an unidentified adduct of * 260 Da. 
(b) Expansion of 91c isotopic distribution; dots, distributions for 
molecular, +22, and -18 Da ions. fc) Expansion of 90+ charge 
state. 
112,508-69 for chondroitinase I (112,509-69 after decon- 
volution of the Figure 2a data) and 111,714-68 for 
chondroitinase II, at least an order of magnitude better 
verification of the DNA-predicted values (Table 1) 
despite the fluctuation of isotopic abundances. Match- 
ing the experimental abundances instead against those 
calculated from the known compositions gave M, val- 
ues - 1 Da lower. 
Time Domain Data Sampling 
Spectral noise has obviously interfered with the assign- 
ment of the most abundant isotopic peak in Figures lb 
and 2b,c. A recently proposed method effective for 
albumin (67 kDa) [18] removes noise from the time 
domain spectrum; subsequent Fourier transformation 
smoothes and spreads the isotopic peak distribution. 
This simple zeroing [ 181 gave the smoothed results of 
Figure lc; this yields a 1 Da lower M, value and 
enhances the assignment of isotopic distributions for 
-H,O (and -NH,), +Na, and possibly -2HzO and a 
mixture of +K and +2Na. The relative abundances for 
the -H,O (44%) and +Na (40%) ions are within 1% 
of the Figure lb values. For chondroitinase I, this 
sampling technique indicates overlapping distributions 
centered at 112,507 and 112,517 (data not shown), with 
evidence also for a +lO Da species in the Hz0 loss and 
adduct ions of the 90f as well as the 91c charge state. 
Higher peak abundances leading to this can be dis- 
cerned in Figures 2b and 2c. Artifacts possible in time 
domain data sampling are under further study; sum- 
ming more scans or ion remeasurement [24] could 
improve the ion statistics to distinguish more clearly 
the increasing isotopic overlap resulting from increas- 
ing mass. Initial attempts to confirm the DNA-derived 
sequences by multiple excitation collisional activation 
[25] at 9.4 T and sustained off-resonance irradiation 
[26] and nozzle-skimmer dissociation at 6.1 T have not 
yielded unit resolution fragment ions. 
In conclusion, a 50% increase in magnetic field 
strength has made possible a corresponding increase in 
the mass at which unit resolution is achievable. This 
allows molecular ion isotopic peaks to be distin- 
guished from those of adducts and degradation prod- 
ucts, so that the M, assignments here could be made 
with f3 Da accuracy. 
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